Epidemiological literatures show an association between air pollution and ischemic stroke, and effective pollutants may include SO 2 , NO x , O 3 , CO, and particulates. However, existing experimental studies lack evidence as to the presence of effects for SO 2 , which has been the focus in developing countries with increasing use of coal as the main resource. In the present study, we treated Wistar rats with SO 2 at various concentrations and determined endothelin-1 (ET-1), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and intercellular adhesion molecule 1 (ICAM-1) messenger RNA (mRNA) and protein expression in the cortex. The results show that SO 2 elevated the levels of ET-1, iNOS, COX-2, and ICAM-1 mRNA and protein in a concentration-dependent manner. Then, we set up rat model of ischemic stroke using middle cerebral artery occlusion (MCAO) and further treated the model rats with filtered air and lower concentration SO 2 for the same period. As expected, elevated expression of ET-1, iNOS, COX-2, and ICAM-1 occurred in the cortex of MCAO model rats exposed to filtered air, followed by increased activation of caspase-3 and cerebral infarct volume. Interestingly, SO 2 inhalation after MCAO significantly amplified above effects. It implies that SO 2 inhalation caused brain injuries similar to that of cerebral ischemia, and its exposure in atmospheric environment contributed to the development and progression of ischemic stroke.
An increasing body of epidemiological literature provides compelling evidence to link outdoor air pollution with the hospitalization and mortality for ischemic stroke, and effective pollutants may include SO 2 , NO x , O 3 , CO, and particulates. As reported, the associations between total suspended particulates and SO 2 and ischemic stroke mortality were highest on the same day in Seoul, Korea, whereas 1-day lagged concentrations of NO 2 and CO and 3-day lagged concentrations of O 3 showed the highest risk of ischemic stroke mortality (Hong et al., 2002) . An interquartile increase with same day exposures to SO 2 , NO 2 , CO, and PM 10 was associated with an increased risk of an emergency department visit for ischemic stroke in Edmonton, Canada (Paul et al., 2006; Szyszkowicz, 2008) . Also, analysis from nine U.S. cities demonstrates that an interquartile range increase in PM 10 , CO, NO 2 , and SO 2 exposure was associated with an increased risk of hospital admission for ischemic stroke (Wellenius et al., 2005) .
Since ischemic stroke is a leading cause of adult disability, including deviation of gaze, hemianopia, facial palsy, arm and leg weakness of each side, limb ataxia, sensory loss, dysarthria, aphasia, inattention, depressed mood, bedridden, and incontinent (Weimar et al., 2002) , and it is also an important cause of death in industrialized countries, with a high incidence affecting up to 0.2% of the population every year (Klijn and Hankey, 2003) , more attention has been paid to define the presence of effects and the type of pollutant most responsible using experimental studies. Recently, direct effects of several inhaled pollutants were supported by controlled animal exposure revealing translocation of particles to the brain (Oberdörster et al., 2004) , oxidative damage and increased inducible nitric oxide synthase (iNOS) expression in dopaminergic neurons after chronic exposure to O 3 (Pereyra-Muñoz et al., 2006) , and elevated gene expression involved in key vasoregulatory pathways such as endothelin-1 (ET-1) in the brain after O 3 and particulate exposure (Thomson et al., 2007) . However, existing studies lack evidence as to the presence of effects for SO 2 , which has been the focus in developing countries with increasing use of coal as the main resource.
Among the pathologic mechanisms leading to cerebral ischemic stroke, endothelial dysfunction and inflammation have been emphasized. The cerebrovascular endothelium plays a critical role in the regulation of normal vascular homeostasis, and perturbation of endothelial function is an important step in the pathogenesis of ischemic stroke (Chen et al., 2001) . Endothelial dysfunction is usually caused by altered production of vasoactive factors; especially, elevated ET-1 expression, the most potent vasoconstrictor, contributes to the reduction of blood flow, interruption of energy metabolism, and following injuries associated with ischemia in the brain (Leung et al., 2009 ).
On the other hand, there is abundant evidence that a marked acute inflammatory reaction contributes to the development of cell injury in ischemic stroke (Ding et al., 2003) . During the initiation and development of inflammation, endothelial cells actively participate in this process by regulating leukocyte recruitment via enhancing the expression of proinflammatory enzymes, such as iNOS and cyclooxygenase-2 (COX-2), and the release of cytokines including interleukin-1b (Il-1b) and tumor necrosis factor-a (TNF-a), as well as the synthesis of adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) (del Zoppo et al., 2000) . Overproduction of these enzymes, cytokines, and adhesion molecules jointly causes circulating leukocytes to adhere to the endothelium, cross the vascular wall, enter the brain parenchyma, and eventually contribute to both necrotic and apoptotic neuronal death (del Zoppo et al., 2000; Zheng and Yenari, 2004) .
Therefore, to clarify an association between SO 2 pollution in atmospheric environment and increased risk of ischemic stroke, in the present study, we treated Wistar rats with SO 2 at various concentrations and determined ET-1, iNOS, COX-2, and ICAM-1 expression in the cortex. Then, we set up rat model of ischemic stroke; treated the model rats with filtered air and low concentration SO 2 ; and further examined the changes of ET-1, iNOS, COX-2, and ICAM-1 expression and sequent injury outcome.
MATERIALS AND METHODS
Reversible middle cerebral artery occlusion model. The rat model of ischemic stroke was set up using middle cerebral artery occlusion (MCAO). Anesthesia was induced by the injection of 10% chloral hydrate (400 mg/kg body weight) and repeated in 100 mg/kg doses as required throughout the surgery. Briefly, the left common carotid artery and the left external carotid artery were exposed through a ventral midline neck incision and were ligated proximally and permanently. A 4-0 nylon monofilament suture with its tip rounded by heating near a flame and then coated with silicone (Bayer, Leverkusen, Germany) was inserted through an arteriectomy of the common carotid artery approximately 3 mm below the carotid bifurcation and advanced into the internal carotid artery to a point approximately 17 mm distal to the carotid bifurcation. Reperfusion was accomplished by withdrawing the suture after 180 min of ischemia.
Animals and treatment protocols. Male Wistar rats, weighing 270-290 g, were supplied by Center of Experimental Animal of Hebei Province. The rats were routinely screened for common rat pathogens and housed in specific pathogen free facilities under standard conditions (24 ± 2°C, 50 ± 5% humidity) with a 12-h light/dark cycle, with six animals in each stainless steel cage. Then, the rats were randomly divided into eight equal groups of 6 (for inhalation experiment) or 12 (for model experiment) animals each. The care and use of the animals reported in this study were approved by the Institutional Animal Care and Use Committee of Shanxi University.
Three groups were placed in 1-m 3 exposure chambers containing continuous concentrations of 7.00 ± 0.78, 14.00 ± 0.59, and 28.00 ± 3.56 mg/m 3 (2.5, 5, and 10 ppm) SO 2 for 6 h/day (8:00 A.M.-2:00 P.M.) for 7 days, respectively, while control group was placed in another identical chamber, which was continually pumped with filtered air for the same period of time. The SO 2 gas was diluted with fresh air at the intake port of the chamber to yield desired concentrations; then, it was delivered to the animals through a tube positioned in the upper part of each chamber and distributed homogeneously via a fan. The SO 2 concentration within the chambers was measured every 30 min by the pararosaniline hydrochloride spectrophotometry (Goyal, 2001) . As previously reported (Meng, 2003; Sang et al., 2008) , the protocol of dynamic inhalation prevented animals from hypoxia and other stress experienced in the chambers except for SO 2 exposure. Also, a naïve control group of rats that are directly from their home cages was used in the present study. The sixth group (stroke & SO 2 ) was subjected to cerebral ischemia for 180 min by MCAO and then exposed to SO 2 (7.00 ± 0.78 mg/m 3 ) for 6 h/day for 7 days. The seventh group (only MCAO) and the eighth group (sham operation) were exposed to filtered air using same protocol as negative control group.
When not being treated, the rats had free access to food and water. Decapitations18 h after the last exposure, rats were killed. The cortices were separated immediately after brains were removed and stored in prelabeled freezing tubes for quick freezing in liquid nitrogen and following by storage at À80°C. Then, the tissues were used for real-time reverse transcriptase-PCR (RT-PCR) and immunoblot analysis in 1 week.
Real-time RT-PCR determination of gene expression. Total RNA was isolated from less than 100 mg of tissue by using TRIzol Reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. Total RNA was quantified by determination of optical density at 260 nm. First-strand complementary DNA (cDNA) was synthesized according to the manufacturer's instruction of reverse transcription kit (TOYOBO, Japan). The cDNA product was stored at À20°C until use.
Each 20 ll PCR reaction contained 1 ll cDNA, 2 ll PCR buffer, 3.5mM MgCl 2 , 0.2mM of each dNTP, 500nM each primer, 200nM TaqMan probe, and 1 U/20 ll Taq DNA polymerase. The sequences of primer and probes used were as follows: COX-2 (NC_001665.2), sense: 5#-AAATCGGGAGTTGGAAT-CACTTTC-3#, antisense: 5#-CCATCGTTTAGGACAGAACATCAC-3#, TaqMan probe: 5#-FAM-TCCGCCACC TTCCTACGCCAGCA-TAMRA-3#; iNOS (NM_012967), sense: 5#-CAGAAGCAGAAT GTGACCATCAT-3#, antisense: 5#-CGGAGGGACCAGCCAAATC-3#, TaqMan probe: 5#-FAM-ACCACCACACAGCCTCAGAGTCCTT-TAMRA-3#; ICAM-1 (NM_052799), sense: 5#-TTCAACCCGTGCCAGGC-3#, antisense: 5#-GTTCGTCTTTCATC-CAG TTAGTCT-3#, TaqMan probe: 5#-FAM-TCTGCTCCTGGTCCTGGT CGCCG-TAMRA-3#; ET-1 (NM_012548), sense: 5#-AAGCGATCCTTGAAA-GACTTACTTC-3#, antisense: 5#-TGTGTATCAACTTCTGGTCTCTGTA-3#, TaqMan probe: 5#-FAM-A CCACAGACCAAGGGAACAGATGCC-TAMRA-3#; and b-actin (NM_017008), sense: 5#-GCCCTAGACTTCGAGCAAGAG-3#, antisense: 5#-AGCACTGTGTTGGCATAGAGG T-3#, TaqMan probe: 5#-FAM-CCACTGCCGCATCCTCTTCCTCCCT-TAMRA-3#. Each treatment had 6 or 12 samples and each PCR reaction carried out in duplicate. Reactions were run on a Rotor-Gene 3000 Real-Time Cycler (Corbett Research, Australia). Cycling conditions were as follows: 3 min at 95°C, 55 cycles of 20 s at 94°C, 20 s at 58°C, and 20 s at 72°C. Fluorescence data were acquired at the 72°C step. The threshold cycle (Ct) was calculated by the Rotor-gene 6.0 software to indicate significant fluorescence signals above noise during the early cycles of amplification. Quantification of the samples by the software was calculated from Ct by interpolation from the standard curve to yield copy numbers for the target samples. The relative quantification of the expression of the target genes was measured using b-actin messenger RNA (mRNA) as an internal control. The copy number of target gene b-actin mRNA was measured in all samples.
Immunoblot analysis of protein expression. Tissues were homogenized for extract proteins in ice-cold mild lysis buffer, containing 1% Nonidet P40, 1mM EDTA, 125mM sodium fluoride, 0.5mM sodium vanadate, 2.5 lg/ml of aprotinin, 5 lg/ml of pepstatin, 50 lg/ml of leupeptin, 25lM phenylmethanesulphonylfluoride or phenylmethylsulphonyl fluoride, and 25 lg/ml of trypsin inhibitor. The homogenates were centrifuged at 15,000 3 g for 15 min and supernatants were collected. Protein concentration was determined according to the method of Bradford (1976) using bovine serum albumin as a standard. SDSpolyacrylamide gel electrophoresis was performed on equivalent amounts of protein samples using precast 12% resolving/4% stacking Tris-HCl gels SO 2 INHALATION CONTRIBUTES TO ISCHEMIC STROKE IN BRAIN (Bio-Rad). Separated proteins were then transferred to NC membranes (Millipore). Membranes were blocked in 5% nonfat dry milk in PBS buffer containing 0.1% Tween-20 for 1.5 h at room temperature. Blocked membranes were incubated in rabbit polyclonal antibodies specific for rat caspase-3, cleaved caspase-3 and COX-2 (Cell Signaling), rabbit polyclonal antibodies specific for rat ICAM-1 and iNOS (Beijing Boisynthesis Biotechnology CO., LTD), or mouse monoclonal antibodies for b-actin (Oncogene) at a concentration of 1:1000 (for caspase-3 and cleaved caspase-3), 1:1000 (for COX-2), 1:100 (for ICAM-1 and iNOS), or 1:5000 (for b-actin) in 13 PBS-0.1% Tween and 5% nonfat dry milk overnight at 4°C. Antirabbit, antigoat, and antimouse secondary antibody (Jackson ImmunoResearch Laboratories), at a concentration of 1:5000 in 1 3 PBS-0.1% Tween, and 5% nonfat dry milk were added to membranes and incubated for 1.5 h at room temperature. The protein signal was amplified and visualized via chemiluminescence using the ECL Western Blotting Detection System and Hyperfilm ECL autoradiography film (Amersham Pharmacia Biotech). Images were quantified using the Labworks v3.0.2 image scanning and analysis software (Ultra-Violet Products Lds, UVP).
Hematoxylin and eosin staining. The brain was rapidly removed, washed for several times with 0.01M PBS (pH 7.4), fixed in 10% formalin for 24 h at room temperature, dehydrated by graded ethanol, and embedded in paraffin. Sections (5 or 6 lm thick) were deparaffinized with xylene, stained with hematoxylin and eosin (HE), and observed by light microscopy with 3400 magnification (Olympus, Japan).
Measurement of infarct volume. After reperfusion, rats were deeply euthanized and killed. The brains were rapidly removed and cut into 2-mm coronal slices starting 1 mm from the frontal pole. The brain slice was stained with 2% 2,3,5-triphenyltetrazolium (TTC) for 30 min at 37°C, and the infarct zone was demarcated and analyzed using a computerized image analyzer (Image-Pro plus). The calculated infarct areas were then compiled to obtain the infarct volume (cubic millimeter) per brain. Infarct volume was calculated using an indirect method and presented as the percentage of infarct volume of the contralateral hemisphere to eliminate the contribution of edema to the ischemic lesion.
Statistical analysis. Data are presented as mean ± SE. Unless stated otherwise, ANOVA was applied for between-group statistical comparison using Origin 7.0 software. Differences were considered significant when p < 0.05, p < 0.01, and p < 0.001.
RESULTS
Compared to naïve control group, the mean body weight, morbidity, and related gene and protein expression in the cortex of negative control rats did not show significant difference (data not shown). Also, the mean body weight gain was not different in rats exposed to SO 2 compared with negative control group during the experimental period, although the final weights of both control group and SO 2 -exposed groups were significantly increased relative to the beginning values (data not shown).
SO 2 Inhalation Upregulated Gene and Protein Expression
Associated with Ischemic Injuries ET-1 mRNA level significantly increased after SO 2 exposure with a concentration-dependent property (Fig. 1A) and reached 1.64-, 3.72-, and 6.27-fold of control at 7, 14, and 28 mg/m 3 , respectively (p < 0.001, n ¼ 6). Accordingly, ET-1 protein expression also elevated after SO 2 exposure (Fig. 1B) , and the statistical difference occurred at all treated concentrations (1.41-, 1.57-, and 1.45-fold of control at 7, 14, and 28 mg/m 3 , p < 0.05, n ¼ 6).
As shown in Figures 2A and 2B , iNOS mRNA expression statistically elevated after SO 2 treatment at all concentrations tested, and the difference between exposure group and negative control amplified with the increase of inhaled concentration (1.26-fold of control for 7 mg/m 3 , p < 0.05, n ¼ 6; 2.96-fold of control for 14 mg/m 3 , p < 0.01, n ¼ 6; 4.56-fold of control for 28 mg/m 3 , p < 0.001, n ¼ 6). Also, iNOS protein expression augmented at all concentrations tested, and the statistical difference occurred after higher concentration exposure (1.75-and 1.88-fold of control at 14 and 28 mg/m 3 , p < 0.05, n ¼ 6).
FIG. 1.
Effects of SO 2 inhalation on ET-1 mRNA (A) and protein (B) expression in rat cortex. Male Wistar rats were exposed to 7, 14, and 28 mg/m 3 SO 2 for 6 h/day for 7 days, respectively. Control group was exposed to filtered air using the same schedule. Value in each treated group was expressed as a fold increase compared to mean value in control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 6); *p < 0.05, ***p < 0.001 versus negative control. 228 SANG ET AL. (A and B) , COX-2 (C and D), and ICAM-1 (E and F) mRNA and protein expression in rat cortex. Male Wistar rats were exposed to 7, 14, and 28 mg/m 3 SO 2 for 6 h/day for 7 days, respectively. Control group was exposed to filtered air using the same schedule. Value in each treated group was expressed as a fold increase compared to mean value in control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 6); *p < 0.05, **p < 0.01, ***p < 0.001 versus negative control.
FIG. 2. Effects of SO 2 inhalation on iNOS
In addition, SO 2 inhalation at lower concentrations (7 and 14 mg/m 3 ) tended to increase COX-2 mRNA level, but no statistical difference was observed, whereas 28 mg/m 3 SO 2 exposure significantly enhanced the level (2.03-fold of control, p < 0.01, n ¼ 6). As expected, COX-2 protein level elevated with the increase of exposure concentration, and the statistical difference occurred at 14 and 28 mg/m 3 (3.18-and 3.42-fold of control, p < 0.001, n ¼ 6) (Figs. 2C and 2D) .
Our previous studies show that SO 2 inhalation increased the levels of Il-1b and TNF-a in rat brain (Sang et al. 2008) . Here, we further examined ICAM-1 expression in the cortex of rats from control and different SO 2 inhalation groups (Figs. 2E and 2F). Slight but statistically significant enhancement of ICAM-1 mRNA level occurred after 7 mg/m 3 (2.5 ppm) SO 2 inhalation (1.23-fold of control, p < 0.05, n ¼ 6); with the increase of exposure concentration, the statistical difference augmented (3.43-and 5.12-fold of control for 14 and 28 mg/m 3 , p < 0.01, n ¼ 6). Similarly, ICAM-1 protein expression significantly increased after SO 2 exposure with a concentration-dependent property and reached 1.15-fold (p < 0.05, n ¼ 6), 1.78-fold (p < 0.01, n ¼ 6), and 2.17-fold (p < 0.001, n ¼ 6) of control at 7, 14, and 28 mg/m 3 , respectively.
SO 2 Inhalation Aggravated Ischemic Injuries of MCAO Rats
Compared with sham-operated group (Fig. 3) , ET-1 mRNA and protein expression elevated in the cortex from MCAO model rats exposed to filtered air for 7 days (for mRNA, 1.21-fold of vehicle control, p < 0.05, vs. sham-operated group, n ¼ 12; for protein, 1.25-fold of vehicle control, p > 0.05, vs. sham-operated group, n ¼ 12). Interestingly, SO 2 treatment for the same period following MCAO statistically amplified the enhancement (for mRNA, 1.40-fold of vehicle control, p < 0.05, vs. MCAO group, n ¼ 12; for protein, 2.03-fold of vehicle control, p < 0.05, vs. MCAO group, n ¼ 12).
Slight but significant increase of iNOS expression occurred after 7-day exposure of filtered air following MCAO (for mRNA, 1.17-fold of vehicle control, p > 0.05, vs. shamoperated group, n ¼ 12; for protein, 1.27-fold of vehicle control, p < 0.05, vs. sham-operated group, n ¼ 12). Whereas SO 2 inhalation for the same period after MCAO statistically enhanced the changes (for mRNA, 1.39-fold of vehicle control, p < 0.05, vs. MCAO group, n ¼ 12; for protein, 1.63-fold of vehicle control, p < 0.05, vs. MCAO group, n ¼ 12) (Figs. 4A and 4B). Similarly, COX-2 and ICAM-1 mRNA and protein expression in the cortex of MCAO rats significantly elevated in contrast to sham-operated group, and SO 2 inhalation statistically increased the tendency (Figs. 4C-F) .
Apoptosis may be an important contributor to neuronal death in brain regions after ischemic stroke (Hu et al., 2002) . Therefore, we further detected the activation of caspase-3 in the cortex of rats from different treatment condition (Fig. 5) . As expected, even after 7-day inhalation of filtered air, a slight but statistical cleavage of caspase-3 was observed in MCAO model rats (0.65-fold of vehicle control for caspase-3, p < 0.001, vs. shamoperated group, n ¼ 12; 1.21-fold of vehicle control for cleaved caspase-3, p > 0.05, vs. sham-operated group, n ¼ 12), while SO 2 exposure for the same duration after MCAO significantly amplified the effects (0.48-fold of vehicle control for caspase-3, p < 0.05, vs. MCAO group, n ¼ 12; 1.90-fold of vehicle control for cleaved caspase-3, p < 0.05, vs. MCAO group, n ¼ 12).
As indicated by HE staining (Fig. 6) , SO 2 inhalation caused neuronal cell loss, eosinophilic cytoplasm, nuclei shrinkage,
Effects of SO 2 inhalation on ET-1 mRNA (A) and protein (B) expression in cerebral cortex of MCAO model rats. Male Wistar rats were subjected to cerebral ischemia for 180 min by MCAO and then exposed to 7 mg/m 3 SO 2 for 6 h/day for 7 days. Only MCAO and sham operation rats were exposed to filtered air using the same schedule. Value in each treated group was expressed as a fold increase compared to mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 12); *p < 0.05, **p < 0.01 versus sham-operated group and 
FIG. 4. Effects of SO 2 inhalation on iNOS (A and B), COX-2 (C and D)
, and ICAM-1 (E and F) mRNA and protein expression in the cortex of MCAO model rats. Male Wistar rats were subjected to cerebral ischemia for 180 min by MCAO and then exposed to 7 mg/m 3 SO 2 for 6 h/day for 7 days. Rats from MCAO and sham operation groups were exposed to filtered air using the same schedule. Value in each treated group was expressed as a fold increase compared to mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 12); *p < 0.05, **p < 0.01, ***p < 0.001 versus sham-operated group and # p < 0.05 versus MCAO group.
SO 2 INHALATION CONTRIBUTES TO ISCHEMIC STROKE IN BRAIN
and cavitation in cerebral cortex, which were similar to the alterations resulting from MCAO. Whereas SO 2 exposure markedly aggravated the histological changes in ischemic regions of MCAO model rats.
Following above results from gene and protein expression and histological analysis, the cerebral infarction was examined using 2-mm-thick slices of the cerebrum after MCAO reperfusion in rats using TTC staining. Figure 7 shows typical photographs for coronal sections of rats from sham-operated control, MCAO, and MCAO&SO 2 groups. The results show that cerebral infarct volume in the brain of MCAO group rats reached 33.93 ± 8.49%, whereas SO 2 inhalation after MCAO statistically amplified the value (47.58 ± 6.93%, p < 0.05, vs. MCAO group, n ¼ 12).
DISCUSSION
In this study, SO 2 at 7-28 mg/m 3 (2.5-10 ppm) levels, some 5-to 20-fold greater than the typical urban concentration FIG. 5 . Effects of SO 2 inhalation on caspase-3 (A) and cleaved caspase-3 (B) protein expression in the cortex of MCAO model rats. Male Wistar rats were subjected to cerebral ischemia for 180 min by MCAO and then exposed to 7 mg/m 3 SO 2 for 6 h/day for 7 days. Rats from MCAO and sham operation groups were exposed to filtered air using the same schedule. Value in each treated group was expressed as a fold increase compared to mean value in vehicle control group, which has been ascribed as an arbitrary value of 1. Data are expressed as means ± SE (n ¼ 12); *p < 0.05, ***p < 0.001 versus sham-operated group and # p < 0.05 versus MCAO group.
FIG. 6.
The morphological characteristics in cortex of rats from control (A), SO 2 inhalation (B), sham-operated control (C), MCAO model (D), and MCAO&SO 2 group (E). The brain from different treatment group was rapidly removed, washed for several times with 0.01M PBS (pH 7.4), fixed in 10% formalin for 24 h at room temperature, dehydrated by graded ethanol, and embedded in paraffin. Sections (5 or 6 lm thick) were deparaffinized with xylene, stained with HE, and observed by light microscopy with 3400 magnification. Bar ¼ 10 lm. (0.5 ppm), was used to examine the responses of rat cortex. Here, typical urban concentration (0.5 ppm) was referenced based on two considerations: first, the secondary National Ambient Air Quality Standards and China's Ambient Air Quality Standard Grade III for SO 2 is 0.5 ppm over a 3-h period (Environmental Protection Agency, 2002; GB 3095-1996 GB 3095- , 1996 ; second, the ambient concentration of SO 2 in an occupational setting recommended by the National Institute for Occupational Safety and Health is 0.5-20.0 mg/m 3 , approximately 0.35-14 ppm (Dutch Expert Committee on Occupational Standards, 2003) . In addition, in most developing countries, especially whose energy consumption structure is dominated by coal, higher concentration in real atmospheric environment (0.5 ppm) occurs during heating season (4 months/year) and exits in more widespread areas, such as Egypt, India, and China (Bulletin of Environmental status in China, 2008; Bushra et al., 2007; El-Dars et al., 2004) . Although the experiments may be viewed as beyond the normal atmosphere encountered in the human environment, three important points must be taken into account. First, the animals were subjected to regular periods of extended exposure, with relief periods between protocols (i.e., 6 h/day, for 7 days, with 18 h between exposures). This may provide a corollary to individuals exposed to the gas in an occupational setting. Second, the rat is an obligate nose breather and approximately 95% of the inhaled SO 2 is trapped in the nasal passages. The actual concentrations of gas reaching the lung may therefore have been significantly lower than that in the exposure chamber. Third, real-time and mean concentrations in the upper and lower airways were higher in humans when compared with rats using a comparative simulation of SO 2 gas transport in airway models (Tsujino et al., 2005) . Studies by other investigators have confirmed this basic finding that the majority of subjects respond to SO 2 concentrations of 5 ppm or higher, whereas only an occasional sensitive individual responds to 1 ppm SO 2 (Dalhamn, 1971; Haider and Hasan, 1984; Langley-Evans et al., 1996; Stratman et al., 1991) . Therefore, the lowest concentration used in this study was just above the olfactory detection threshold in humans (World Health Organization, 1987) , whereas the highest and intermediate concentrations corresponded to the peak values reported in working environment (Meng and Zhang, 1990) .
SO 2 is a highly hydrophilic gas, and inhaled SO 2 is mainly absorbed in the body through the epithelium of the upper respiratory tract (nose and throat). However, the substance may reach the lower respiratory tract (bronchi and alveoli in lungs) when it is deeply inhaled, as happens with doing heavy work or physical exercise. Therefore, it reacts easily with water, which is present at the surface of the respiratory tract, and sulfurous acid is formed. This sulfurous acid dissociates easily into sulfite and bisulfite ions. Sulfite ions are then rapidly converted into sulfate, whereas bisulfite ions bind to proteins to form S-sulfonates (Gunnison and Palmes, 1974; Shapiro, 1977) . It is reported that levels of plasma S-sulfonates in human subjects exposed to atmospheric SO 2 concentrations of 0.3, 1.0, 3.0, 4.2, and 6.0 ppm for 120 h increased by 1.1 ± 0.16 nmoles/ml for each increment of 1 ppm in exposure level (Gunnison and Palmes, 1974) . Recent study shows that higher sulfite content (0.275 ± 0.051 lg/mg), one of SO 2 derivatives, was detected in the brain from mice exposed to 14 mg/m 3 SO 2 compared to negative control (0.174 ± 0.008 lg/mg) (Meng et al., 2005) , which suggests that SO 2 could make it to the central neuronal system after being absorbed and forming its derivatives in vivo. Preliminary studies suggest that SO 2 is a systemic toxic agent, and its toxicity on organisms may involve the formation of sulfur-and oxygen-centered free radicals during the process of SO 2 derivative oxidation (Gümüs xlü et al., 2001; Ken-ichi et al., 1999; Meng, 2003; Wu and Meng, 2003; Zhao et al., 2008) . Interestingly, oxidative stress and changed characteristics of voltage-gated channels in the brain of rats following SO 2 exposure have been found successively (Li and Sang, 2009; Meng and Sang, 2002; Meng and Zhang, 2001) . It is reported that free radicals may trigger the expression of a number of proinflammatory genes, produce mediators of inflammation by injured brain cells, such as platelet-activating factor, Il-1b, and TNF-a, and induce the expression of adhesion molecules, such as ICAM-1, on the endothelial cell surface (Ulrich et al., 1999) . Therefore, our results show that SO 2 inhalation increased ET-1 expression and elevated the levels of proinflammatory enzymes iNOS, COX-2, and proinflammatory factor ICAM-1 with a concentration-dependent property in rat cortex.
Endothelins are potent vasoactive peptides upregulated in a number of disorders involving endothelial dysfunction, including pulmonary hypertension, congestive heart failure, atherosclerosis, cerebral vasospasm, and stroke (Lüscher and FIG. 7 Barton, 2000; Volpe and Cosentino, 2000) . As the most potent vasoconstrictor among the endothelin peptide family, the 21-amino acid peptide ET-1 was first characterized in supernatants of cultured endothelial cells (Macrae et al., 1993) . Subsequently, its presence in brain was demonstrated in glial cells, invading macrophages and neurons (Zimmermann and Seifert, 1998) . In addition to its powerful vasoconstrictor role, ET-1 is thought to have neuromodulatory roles (Gorlach et al., 2001) . Therefore, alterations in ET-1 synthesis were reported following different types of injuries to the brain. For example, ischemia in experimental animals resulted in elevation of ET-1 in the central nerves system (Brondani et al., 2007) , and its activation in the pathophysiological state caused rapid and prolonged constriction of cerebral blood vessels (Andresen et al., 2006) . Especially, the ET-1 concentration in the cerebrospinal fluid was elevated in stroke patients (Chen et al., 2001) . In the present study, the upregulation of ET-1 expression in rat cortex suggests the reduction of cerebral blood and a tendency to ischemic injuries via endothelial dysfunction following SO 2 inhalation. Also, accumulating experimental studies show that cerebral ischemia is associated with a marked inflammatory reaction, and proinflammatory enzymes including iNOS and COX-2 play an important role among the process. Following permanent or transient MCAO in rodents, iNOS message, protein, and enzymatic activity were expressed in the postischemic brain (Sugimoto and Iadecola, 2002) and occurred in inflammatory cells infiltrating the injured brain and in cerebral blood vessels. Selective iNOS inhibitor aminoguanidine has been shown to inhibit iNOS activity in the area of infarction and reduce the volume of the infarct produced by MCAO (Jiang et al., 1999) . Also, it has been demonstrated that cerebral ischemia upregulated COX-2 in neurons, glial cells, and infiltrating leukocytes in injured brain (Cai et al., 2006) , and its mRNA and protein expression peaked at 12-24 h after ischemia (Nogawa et al., 1998) . Applying selective COX-2 inhibitor NS-398 and nimesulide or genetic deletion of COX-2 reduced infarct volume and ameliorated cerebral injury of focal ischemic model (Nakayama et al., 1998) , whereas neuronal overexpression of COX-2 increased cerebral infarction (Doré et al., 2003; Govoni et al. 2001) . Recent finding also suggests that iNOS and COX-2 were catalytically active also in the postischemic human brain, and their expression was also involved in the mechanisms of cerebral ischemia in humans (Cai et al., 2006; Iadecola et al., 2001) . The information suggests that enhanced expression of iNOS and COX-2 contributed to the evolution of ischemic brain injury. The molecular mechanisms of iNOS and COX-2 expression after cerebral ischemia are not fully understood. In general, cytokines, produced by macrophages, endothelial cells, astrocytes, fibroblasts, and neurons, are likely to contribute to the expression. Principal among the factors are Il-1b and TNF-a, which display important physiological activities in the initiation and development of the host response to brain ischemia (del Zoppo et al., 2000) . In addition to attracting leukocytes into ischemic sites, cytokines also stimulate the synthesis of adhesion molecules, such as ICAM-1, on leukocytes and endothelial cells as well as other cell types to promote the infiltration of leukocytes to the brain through the endothelial wall (Stoll et al., 1998) . SO 2 inhalation-induced excessive expression of iNOS, COX-2, and ICAM-1 and release of Il-1b and TNF-a could promote blood-borne inflammatory cell adherence and infiltration. Consequently, leukocytes exacerbated brain injury by physically obstructing capillaries and reducing blood flow during reperfusion and/or by migrating into the brain parenchyma and releasing cytotoxic products, which implicates the occurrence and development of ischemic injuries in rat brains via inflammatory mechanism after SO 2 exposure.
If above implication was correct, there should be a link between SO 2 inhalation and the development and progression of cerebral ischemia; therefore, SO 2 inhalation should aggravate the injuries from ischemic stroke model. To test the hypothesis, we set up MCAO model and treated the model rats with filtered air and low concentration SO 2 , followed by investigating related gene expression and cerebral infarct volume. Usually ET-1, iNOS, COX-2, and ICAM-1 expression peaks 12-72 h after ischemia (del Zoppo et al., 2000; Lin et al., 2009) . Our present results show that the cortex of rats exposed to filtered air for 7 days after MCAO still exhibited more ET-1, COX-2, iNOS, and ICAM-1 expression than that of sham group. Interestingly, SO 2 inhalation statistically increased the tendency.
It is reported that the genes for caspases are expressed at higher levels and activated in both early and late stages of ischemia, and genetic manipulations or drugs that block caspase family members confer resistance to ischemic injury (Chang et al., 2009) . Among the 12 caspases that have been identified, caspase-1 and caspase-3 seem to have a pivotal role in ischemia-mediated apoptosis. Therefore, we further investigated the sequent injury outcome by determining the activation of caspase-3. MCAO model rats showed a statistical cleavage of caspase-3 in the cortex, whereas SO 2 inhalation significantly amplified the effects, which was further certificated by the changes of histological characteristics in the cortex and cerebral infarct volume from the current TTC staining. It substantiates the notion that SO 2 inhalation aggravated ischemic injuries in the brain, and its exposure in atmospheric environment contributed to the development and progression of ischemic stroke.
There are data in the irritant chemical literature that show pharmacological blockers of the parasympathetic neuronal system participated in oxidant activity of the chemical and downstream effects (Beckett et al., 1985) . Although not providing experimental evidence in the present study, we acknowledged the importance of the peripheral nervous system as a possible mediator for SO 2 exposure-induced effects in the brain, and more work is needed.
